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SYSTEM AND METHOD FOR VOLUME 
HOLOGRAPHIC IMAGING USING 

SPECTRAL ILLUMINATION 

This invention Was made With government support under 
Grant Number FO8630-00-l-00l2, awarded by the Air 
Force. The government has certain rights in the invention. 

BACKGROUND 

The present invention relates generally to imaging sys 
tems, and in particular, to volume-holographic imaging 
systems having the capability to return three-dimensional 
spatial as Well as spectral information. 
Volume imaging systems may be used in applications 

such as bio-medical investigation, industrial product inspec 
tion, military reconnaissance etc. Certain conventional 
imaging systems for capturing image data of, for example, 
a semi-translucent three dimensional sample, such as bio 
logical or chemical sample, include confocal microscopy, 
interferrometric pro?lometry, Moire pro?lometry, and opti 
cal coherence tomography. The choice of imaging method 
depends, in part, on the required resolution, available Work 
ing distance and nature of the object (e.g., re?ective di?‘u 
sive, semi-transparent, ?uorescent etc). Such systems typi 
cally require scanning each point in an x by y scan plane for 
each of many scans along a Z direction. Scanning along three 
dimensions is needed therefore, to acquire a series of planar 
scan images that are representative of a three dimensional 
sample. 

Other imaging systems employ volume holograms to 
extract selected data from a sample. For example, US. 
Published Patent Application No. 2004/0021871 discloses a 
holographic imaging spectrometer that uses a volume holo 
gram to extract a line image from a sample. As shoWn in 
FIG. 1, a volume hologram 10 having a thickness L may be 
recorded by interfering an object plane Wave 12 With a 
reference plane Wave 14. The volume hologram may then be 
used to process information from unknoWn complex inci 
dent Waveforms. The spatial selectivity of Bragg matching 
in volume holograms makes it possible to selectively extract 
speci?c information from the input, and project the infor 
mation onto one or more detectors. Illumination 16 is 
focused to form a probe point source 18 at the same 
Wavelength as the reference and object Waves 12 and 14 
Within a translucent three dimensional object 20 using an 
object lens 22. The resulting optical information may be 
collimated by a collimating lens 24 and directed toWard the 
volume hologram 10 along the same direction that the object 
plane Wave 12 approached the volume hologram 10 in 
recording the volume hologram. A holographic image in the 
form of a slit 26 that includes the optical information from 
the point 18 Will be Bragg matched by the volume hologram 
and Will be directed toWard a collector lens 25 along the 
direction from Which the reference plane Wave approached 
the volume hologram during recording, but extending from 
the opposite side of the volume hologram as shoWn in FIG. 
2A. The slit image 26 is created by Bragg matching, and 
may be projected onto a focal plane 28 of a detector. If the 
translucent three dimensional object 20 is moved along the 
y direction such that the probe point source is moved along 
the y axis, subsequent adjacent slices may be formed at the 
focal plane 28 of a detector. As shoWn in FIGS. 2B and 2C, 
a probe point source 30 may cause an image slit 32 to appear 
at one side of a detector surface, While a probe point source 
34 and may case an image slit 34 to appear at an opposite 
side of a detector surface. 
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2 
Scanning along the y direction, therefore, is required to 

form each planar scan image, and scanning along the Z 
direction is required to develop a series of planar scan 
images that are representative of a three dimensional object. 

There continues to be a need, therefore, for a three 
dimensional imaging system that does not require scanning 
along at least tWo dimensions. 

SUMMARY 

In accordance With an embodiment, the invention pro 
vides a holographic imaging system that includes a spectral 
electromagnetic ?eld unit for providing a plurality of focal 
areas of a plurality of Wavelengths of electromagnetic ?elds 
along a ?rst direction, a lens system for directing the 
electromagnetic ?elds having the plurality of Wavelengths 
from an object that may be positioned at least substantially 
near the plurality of focal areas toWard a holographic record 
ing, and a detector surface for receiving electromagnetic 
?elds from the holographic recording. 

In accordance With another embodiment, the invention 
provides a volume holographic imaging system that includes 
a spectral illumination unit for providing a plurality of focal 
areas of a plurality of Wavelengths of illumination along a 
?rst direction, an optical system for directing multi-Wave 
length illumination from an object that may be positioned at 
least substantially near the plurality of focal areas toWard a 
volume holographic recording, and a detector surface for 
receiving illumination from the volume holographic record 
ing. 

In accordance With a further embodiment, the invention 
provides a method of employing a volume hologram in 
imaging that includes the steps of providing a plurality of 
focal areas of a plurality of Wavelengths of illumination 
along a ?rst direction, directing illumination from the plu 
rality of focal areas toWard a volume holographic recording, 
and detecting illumination from the volume holographic 
recording that is representative of information regarding an 
object that is positioned at least proximate to the plurality of 
focal areas of a plurality of Wavelengths of illumination. 

BRIEF DESCRIPTION OF THE ILLUSTRATED 
EMBODIMENTS 

The folloWing description may be further understood With 
reference to the accompanying draWings in Which: 

FIG. 1 shoWs an illustrative diagrammatic vieW of a 
volume hologram being recorded in accordance With the 
prior art; 

FIGS. 2A-2C shoW illustrative diagrammatic vieWs of 
volume holographic imaging systems of the prior art that 
include the volume hologram of FIG. 1; 

FIG. 3 shoWs an illustrative diagrammatic vieW of a 
holographic imaging system being used With probe point 
source illumination at a ?rst Wavelength in accordance With 
an embodiment of the invention; 

FIG. 4 shoWs an illustrative diagrammatic vieW of a 
holographic imaging system being used With probe point 
source illumination at a second Wavelength in accordance 
With an embodiment of the invention; 

FIG. 5 shoWs an illustrative diagrammatic vieW of a 
holographic imaging system being used spectral illumina 
tion in accordance With an embodiment of the invention 
involving a translucent sample; 

FIG. 6 shoWs an illustrative diagrammatic vieW of a 
holographic imaging system being used spectral illumina 
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tion in accordance With an embodiment of the invention 
involving a re?ective sample; 

FIG. 7 shows an illustrative graphical representation of 
the numerical calculation of the Wavelength dependent coef 
?cient for use in accordance With an embodiment of the 

invention; 
FIG. 8 shoWs an illustrative graphical representation of 

the measured depth point spread function in a volume 
holographic imaging system in accordance With an embodi 
ment of the invention; and 

FIGS. 9A-9D shoW illustrative diagrammatic vieWs of 
reconstructed images of three dimensional object using a 
holographic imaging system in accordance With an embodi 
ment of the invention. 

The draWings are shoWn for illustrative purposes only and 
are not necessarily to scale. 

DETAILED DESCRIPTION OF THE 
ILLUSTRATED EMBODIMENTS 

In accordance With various embodiments, the invention 
provides a volume holographic imaging system that 
employs spectral illumination. High depth resolution is 
obtained since each quasi-monochromatic band of the spec 
tral illumination acts as a depth-selective confocal slit. The 
color slits together in parallel achieve a Wide ?eld of vieW 
(FoV) and the need, therefore, to scan in one lateral dimen 
sion is eliminated. Experiments demonstrate a depth reso 
lution of about <250 um over about 15° ?eld of vieW at 50 
mm Working distance. 

The principle of volume holographic imaging is based on 
the rejection of out-of-focus light due to Bragg mismatch. 
Bragg degeneracy imposes a slit-like ?eld of vieW as dis 
closed in US. Published Patent Application 2004/0021871, 
the disclosure of Which is hereby incorporated by reference. 
If the coordinates are de?ned such that the Z axis is the 
optical axis and the grating vector lies on the x-Z plane, then 
the slit is oriented along the degeneracy direction y. 
As shoWn in FIGS. 3 and 4, applicants have discovered 

that While using a probe point source illumination 40 of a 
?rst Wavelength kl (e.g., the Wavelength of the original 
object and reference Waves used to create the volume 
hologram), causes a ?rst image slit 42, using a probe point 
source illumination 40 of a second Wavelength k2 causes a 
second image slit 46 to appear at a different location on the 
focal plane 28 of a detector. It has been further discovered 
that the spectrally di?ferent probe point source illumination 
need not be located at the same location as the probe point 
source 40, but may be located along the y axis. Spectral (or 
rainboW) illumination may therefore be directed along the y 
axis at the same time to provide multiple image slits at the 
focal plane of the detector in accordance With an embodi 
ment of the invention. White light may be provided to a 
spectral diffraction structure that provides the spectrally 
dispersed illumination along a line. 

With reference to FIG. 5, the illumination system for the 
object may consist of a collimated White light source 50, that 
is converted to a point source 52 by a pin hole mask 54, a 
lens 56, a diffraction grating 58, and an achromatic cylin 
drical lens 60 (focal length fc) that focuses each color into a 
strip. The color strips are oriented in they dimension. The 
object 62 is placed in the vicinity of the focal plane of the 
cylindrical lens 60. The light from the object is ?rst directed 
to an objective lens 64 (focal length f0), and then di?fracted 
from the volume hologram 10. A digital camera is placed in 
the di?fracted beam direction, at the Fourier plane of the 
collector lens 66 (focal length fF). With reference to FIG. 6, 
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4 
a system in accordance With another embodiment of the 
invention may be similar to that of FIG. 5 (Wherein like 
reference numerals designate like elements) except that the 
object 68 may be re?ective, and the spectral illumination 
may be directed toWard and re?ected by the object 68 along 
the y axis. 
The portions of the object surface that are out of focus 

Within each color strip Will be Bragg mismatched and 
photons originated from that area Will not reach the camera. 
On the other hand, the portions of the object surface that are 
in focus Will be Bragg matched so that they can be imaged. 
This happens simultaneously for all color strips if the mean 
Wavelength X, the diffraction grating period A and the signal 
beam angle 65 of the hologram satisfy the condition 

(1) éc 
A 

in the paraxial approximation (angles and Wavelengths are 
quoted in air). With this arrangement, depth-selective 
images are obtained simultaneously over the entire illumi 
nated surface, ie from each color in the rainboW. Scanning 
along Z is still necessary to recover the full object shape. The 
?eld of vieW FoVx along the x dimension is only limited by 
the siZe of the camera and the bandWidth B of the rainboW. 
Assuming the latter is the limiting factor, the FoVx is given 
by 

F0 VX : (rad). 

The depth resolution of such a system may be de?ned as 
the full Width at half maximum (FWHM) of the point-spread 
function (PSF) in the Z direction. The FWHM is obtained 
from three-dimensional diffraction theory and it is given, 
approximately, by 

A : GA - ZFWHM ( ) GSaL, 

Where 0t is the hologram aperture radius, L is the hologram 
thickness, and G0») is a Wavelength-dependent coe?icient 
calculated numerically and shoWn at 70 in FIG. 7. At 7t:532 
nm, G:5.34. The Weak dependence of depth selectivity on 
Wavelength is re-calibrated during post-processing in our 
experiments. 
An experimental setup Was constructed similar to the 

system shoWn in FIG. 6. A halogen lamp With B:650 
nm-400 nm Was used as light source. The spectral illumi 
nation Was projected to the object plane using a blaZed 
grating With l/AI600 mm“1 and a cylindrical lens With 
fc:25 mm. TWo achromatic spherical lenses Were used as 
objective and collector With f0:fF:50 mm. The volume 
hologram had a thickness of L:0.2 mm and a signal beam 
angle 6S:30° and Was pre-recorded. A Newport 2832-C 
optical poWer meter (sold by NeWport Corporation of Irvine, 
Calif.) Was used to measure the longitudinal PSF, ie the 
di?fracted poWer as function of Z integrated across the entire 
rainboW ?eld of vieW. 

FIG. 8 shoWs the measured depth PSF of a system for both 
normal (as shoWn at 80) and ¢I30° inclined illumination (as 
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shown at 82). It is seen that the PSF of the system drops off 
slightly slower than its monochromatic laser illumination 
VH1 counterpart (as shoWn at 84), due to the GO») depen 
dence Equation (3) above. 

The same experimental setup Was used to demonstrate 
image acquisition With a system in accordance With an 
embodiment of the invention. A Newport CMA-25CCCL 
actuator Was used for longitudinal scanning, and a mono 
chrome 752><480 pixel JAI CCD camera Was used to acquire 
the raW images. FIG. 9A shoWs at 90 a micro-fabricated 
micro turbine With approximately 250 m feature depth and 
9 mm diameter, illuminated by the rainboW. FIGS. 9B and 
9C shoW the raW images (at 92 and 94 respectively) acquired 
by the system at tWo different longitudinal positions, sepa 
rated by 250 m, With inclined illumination at q>:30°. The 
effective FoV provided by the rainboW Was approximately 
15°, according to Equation (2) above, and Was larger than 
the object WindoW. FIG. 9D shoWs at 96 the reconstructed 
shape of the micro-turbine from a total of N:8 raW images. 
Note that the object had only tWo depth levels, but N>2 Was 
necessary because the illumination Was inclined. 

Systems and methods are presented, therefore, for using 
rainboW illumination and a volume hologram to achieve 
broad FoV Without sacri?cing depth selectivity. Experi 
ments shoWed resolution and image quality comparable to 
monochrome volume hologram imaging, but With much 
reduced scanning time. Such system may be used, for 
example, for real-time 3D microscopy for fast biomedical 
process observation, oOn board AUV 3D imaging and 
sensing for military target reconnaissance, industrial online 
real-time product quality inspection, and micro-fabrication 
process and product inspection. 

Those skilled in the art Will appreciate that numerous 
modi?cations and variations may be made to the above 
disclosed embodiments Without departing from the spirit and 
scope of the invention. 

What is claimed is: 
1. A holographic imaging system comprising: 
a spectral electromagnetic ?eld means for providing a 

plurality of focal areas of a plurality of Wavelengths of 
electromagnetic ?elds along a ?rst direction, said plu 
rality of focal areas of a plurality of Wavelengths 
providing a plurality of probe point sources of the 
plurality of Wavelengths, and said plurality of focal 
areas being each coincident With a portion of an object 
to be probed; 

a lens means for directing the electromagnetic ?elds 
having the plurality of Wavelengths from the object 
toWard a holographic recording; and 

a detector surface for receiving electromagnetic ?elds 
from the holographic recording. 

2. The holographic imaging system as claimed in claim 1, 
Wherein said spectral electromagnetic ?eld means further 
includes a diffraction grating. 

3. The holographic imaging system as claimed in claim 1, 
Wherein said holographic recording is provided Within a 
volume hologram. 

4. The holographic imaging system as claimed in claim 1, 
Wherein said electromagnetic ?elds from the holographic 
recording is received at the detector surface via a collector 
lens system. 

5. The holographic imaging system as claimed in claim 1, 
Wherein each of said plurality of Wavelengths of electro 
magnetic ?elds provides for a slit portion of an image to be 
provided at the detector surface. 
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6 
6. The holographic imaging system as claimed in claim 5, 

Wherein said slit portions of the images are provided at the 
detector surface at the same time. 

7. The holographic imaging system as claimed in claim 1, 
Wherein said ?rst direction is substantially parallel With the 
detector surface. 

8. A volume holographic imaging system comprising: 
a spectral illumination means for providing a plurality of 

focal areas of a plurality of Wavelengths of illumination 
along a ?rst direction, said plurality of focal areas of a 
plurality of Wavelengths providing a plurality of probe 
point sources of the plurality of Wavelengths, and said 
plurality of focal areas being each coincident With a 
portion of an object to be probed; 

an optical system for directing multi-Wavelength illumi 
nation from the object toWard a volume holographic 
recording; and 

a detector surface for receiving illumination from the 
volume holographic recording. 

9. The volume holographic imaging system as claimed in 
claim 8, Wherein said spectral illumination means further 
includes a diffraction grating. 

10. The volume holographic imaging system as claimed in 
claim 8, Wherein said illumination from the volume holo 
graphic recording is received at the detector surface via a 
collector lens system. 

11. The volume holographic imaging system as claimed in 
claim 8, Wherein each of said plurality of Wavelengths of 
illumination provides for a slit portion of an image to be 
provided at the detector surface. 

12. The volume holographic imaging system as claimed in 
claim 11, Wherein said slit portions of the images are 
provided at the detector surface at the same time. 

13. The volume holographic imaging system as claimed in 
claim 8, Wherein said ?rst direction is substantially parallel 
With the detector surface. 

14. A method of employing a volume hologram in imag 
ing, said method comprising the steps of: 

providing a plurality of focal areas of a plurality of 
Wavelengths of illumination along a ?rst direction, said 
plurality of focal areas of a plurality of Wavelengths 
providing a plurality of probe point sources of the 
plurality of Wavelengths, and said plurality of focal 
areas being each coincident With a portion of an object 
to be probed; 

directing illumination from the plurality of focal areas 
toWard a volume holographic recording; and 

detecting illumination from the volume holographic 
recording that is representative of information regard 
ing the object. 

15. The method as claimed in claim 14, Wherein said step 
of providing a plurality of focal areas of a plurality of 
Wavelengths of illumination includes directing polychro 
matic illumination onto a diffraction grating. 

16. The method as claimed in claim 14, Where said ?rst 
direction is substantially parallel With a surface of a detector 
that is employed to detect the illumination from the volume 
holographic recording. 

17. The method as claimed in claim 14, Wherein said 
method further includes the step of directing said plurality of 
Wavelengths of illumination through an object to be imaged. 

18. The method as claimed in claim 14, Wherein said 
method further includes the step of re?ecting said plurality 
of Wavelengths of illumination from an object to be imaged. 

* * * * * 


